INTRODUCTION
The rapidly development of the aerospace, automotive die moulding industries brings along the demand of new technological challenges related to the growing complexity of the products. Due to the improved functionality mechanical parts having sculptured surfaces are increasingly important in these industries. Sculptured surface machining, also called freeform surface machining is usually performing on a 3-or 5-axis CNC machining centers with a ball-nosed cutters. However, machining of sculptured surfaces has been a difficult problem addressed by numerous researchers. In this process, several problems such as over-or under-cuts, inappropriate cutting parameters, non-optimized tool paths etc., usually produce inadequate products that require expensive reworking which results in high production costs. Therefore, currently one of major areas of CAD/CAM systems is the representation and manufacture of mechanical parts having sculptured surfaces. In the field of sculptured surface machining, CAM systems allows implementation of various machining strategies (zigzag, true spiral, back forth, parallel spiral, high speed etc.) for roughing and finishing operation. A machining strategy is a methodology used to compute an operation with the aim of carrying out a geometrical entity in its final form [1] . Nevertheless, implementation and selection of a tool path generation strategy still remains an expert field. Appropriate selection can lead to considerable improvement of surface roughness and tool life, savings in machining time, etc., thereby leading to higher productivity and efficiency.
A large number of research papers about CNC machining of sculptured surfaces have been published. Gologlu and Sakarya [2] concluded that implementation and selection of cutting path strategies with appropriate cutting parameters had significant effect on surface roughness in pocket milling which is often encountered in plastic mould manufacture. Kim and Choi [3] proposed a machining time model that considers the acceleration and deceleration of the CNC machines and compare the machining efficiency of the different tool paths currently employed in molds and dies manufacturing. Ghani et al. [4] applied Taguchi optimization methodology for optimization of machining parameters in end milling process while machining hardened steel AISI H13 with TiN coated P10 carbide insert tool under semi-finishing and finishing conditions of high speed cutting. Mladjenovic et al. [5] analyzed the impact of the chosen machining strategy on roughness of flat surfaces machined with the ball end mill. Ramos et al. [6] analyze different finishing milling strategies of a complex geometry part containing concave and convex surfaces. Krimpenis and Vosniakos [7] developed optimization methodology for obtaining parameter values of sculptured surface parts rough machining. Oktem et al. [8] presents method for determination of optimum cutting parameters leading to minimum surface roughness in milling mod surfaces by coupling neural network and genetic algorithm. Oktem et al. [9] developed method for determination of the optimum cutting conditions leading to minimum surface roughness in milling of mold surfaces by coupling response surface methodology with a genetic algorithm. Li et al. [10] presents a multi-objective optimization approach, based on neural network, to optimize the cutting parameters in sculptured parts machining. Zain et al. [11] used genetic algorithm technique for estimation of the optimal cutting conditions in end milling machining process that yield the minimum surface roughness value.
The objective of this study is to identify the effects of tool path strategies for rough and finish machining of sculptured surfaces. Furthermore, second objective is to develop an optimization method in order to improve machining quality in CNC finish milling. The machining parameters considered were machining strategy, feed, depth of cut and spindle speed. The both objectives will be addressed by means of using Taguchi parameter design. The surface roughness optimization model was developed by grey relational analysis and a confirmation test was conducted to indicate the effectiveness of this proposed method.
EXPERIMENTAL WORK
Traditionally, dies and moulds are machined with a CNC machine where machining operation is usually decomposed in two main steps: rough and then a finish machining. The main objective of rough machining is to remove the maximum amount of raw material as soon as possible, leaving a coarse approximation to the final shape. Finishing operation objective is to meet the requirements of the final shape for best surface quality and outline precision. Since irregular scallops between finishing tool passes are inevitably generated on the machined surface, manual polishing of sculptured surfaces is often required to obtain the desired surface quality. While roughing as well as while finishing, implementation and selection of appropriate machining strategies with proper cutting parameters have significant effect on total production time, costs and product quality. Therefore, matters of support for selection of optimal machining strategy have their actuality in the environments of each CAM system. Due to surface complexity optimal machining is significantly more complicated for sculptured surface parts comparing to prismatic parts. Sculptured surface parts usually demand long tool paths, which result in high machining times. There are numerous options to efficiently machine a sculptured surface parts which have different impact on cutting process elements wherefore a set of objective function must be defined. Owing to possibility to simulating various alternate machining scenarios and comparing them based on the obtained results the usage of CAM systems is considered today to be the most effective solution for technological preparation of production of sculptured surface parts. Therefore, first impact of machining strategy and machining parameters were examined in rough machining. In practice, in rough machining operations main objective is to achieve minimal costs of manufacturing removing as much material as possible in high removal rates. Thus, minimum machining time of a sculptured surface part is set as an objective. Simulation study was designed based on Taguchi L27 orthogonal array. Machining performance was investigated according to the following machining parameters: machining strategy, feed (f), depth of cut (a) and spindle speed (n). Levels of machining parameters are shown in Table 1 . Part having sculptured surfaces used for simulation study is shown on the Fig. 1 . Based on simulation analysis minimum machining time of 16 min 35 sec is obtained for parallel spiral machining strategy, f = 650 mm/min, a = 1.5 mm and n = 4000 min -1 . Second objective of this paper is identify the effects of machining strategies and cutting parameters employed in finish machining of sculptured surfaces. In pocket milling which is often encountered in mould manufacture, the main demand is associated with minimum surface roughness in order to eliminate as far as possible manual surface grinding and polishing operation. In order to examine the influence of machining parameters on the surface roughness in finish milling, the experiments based on Taguchi L9 orthogonal array have been conducted. The machining parameters selected for the experimental work were machining strategy (A), feed (B), finish allowance (C) and spindle speed (D). Rough machining were performed with machining parameters which provides minimum machining time. The milling operations were performed on a 3-axis milling machine EMCO Concept Mill 450 equipped with a Sinumerik 840D CNC controller. The experiments were performed on machining aluminium alloy 7075-T6 with ball nose cutter of diameter 10 mm. The surface roughness of the machined surface of each specimen was measured using Surftest SJ-210 Mitotoyo. Three measurements were conducted along the longitudinal and transverse direction for each specimen and the average surface roughness parameter values from those reading was recorded. Experimental plan consists values of machining parameters is shown in Table 2 while observed responses are shown in Table 3 . Analyzing the results it can be concluded that, depending on the different machining strategy, different values of surface roughness were obtained for the same surface. Table 2 . Design factors and their levels for finish machining
Levels in coded form

Machining parameter 1 2 3 Machining strategy Parallel Radial Contour Feed, f [mm/min] 150 250 350 Depth of cut, a [mm] 0.1 0.2 0.3 Spindle speed, n [min -1 ] 5000 6500 8000
GREY RELATIONAL ANALISYS
Similar to the fuzzy set theory, the grey system theory is an effective mathematical model to deal with incomplete and uncertain information. In grey systems theory, a color spectrum from black to white is used to describe the degree of clearness of the available information. Black color means complete absence of information, whereas white color means having all the information. Grey color is used for intermediate level of information, i.e. for systems with partially known and partially unknown information. Therefore, grey color means the deficiency of information and uncertainty. The intensity of the shade of the grey determines the clarity of the available information, where lower intensity represent higher quality of the known information.
The grey relational analysis can be expressed in the following steps: (i) conversion of experimental data into normalized values, (ii) calculation of grey relational coefficients, (iii) generating grey relational grading. In the procedure of grey relational analysis, the first step is to normalize the data being input in the system in the range between 0 and 1, which is also called grey relational generation. Due to the different measurement units and scales of response attributes, pre-processing of all data in quantitative way into a comparability sequence is very important. The normalized type depends upon the characteristics of attributes including the smaller-the-better, larger-thebetter and nominal-the-better characteristic. The second step of grey relational analysis involves the determination of grey relation coefficient to represent the correlation between the desired and actual normalized experimental results. Finally, the grey relational grades were computed by averaging the grey relational coefficient corresponding to selected responses. The overall evaluation of the multiple process responses is based on the grey relational grade.
The grey relational grade indicate the degree of similarity between comparability sequence and the reference sequence. Hence, higher grey relational grade for particular comparability sequence shows that this comparability sequence is most similar to the reference sequence.
RESULTS AND DISCUSSION
According to the implementation steps of grey relational analysis method presented in the previous section, the experimental results for surface roughness in Table 3 were first normalized according to the "lowest-is-the-best" approach and then, deviations from the reference series were calculated. Afterwards, the grey relational coefficient for each machining response was calculated and listed in Table 3 In this study, it is observed that the experimental no. 1 has the highest grey relational coefficent among the nine experiments in Table 3 . The response table was obtained from the average value of the grey relational coefficent for each level of the control parameters in order to find the optimal level of each parameter. The optimal setting of control parameters is to select the level with higher value of grey relational coefficent. From the results shown in Table 4 . the optimal level setting of four control parameters for minimizing surface roughness among the nine experiments are identified as surface finish parallel machining strategy, feed as 250 mm/min, depth of cut as 0.2 mm and spindle speed as 5000 min -1 , represented as Main effects plot of grey relational coefficent is drawn from response table, as shown in Fig. 2 . The most influential factors affecting the surface roughness in sequence can be listed as: factor A (machining strategy), factor B (feed), factor D (spindle speed) and factor C (depth of cut). The interaction plot between the input parameters over calculated grey relational coefficent is shown in Fig. 3 . In this study, the analysis of variance (ANOVA) is performed to investigate significance of machining parameters that affect the performance characteristics. An ANOVA table consists the parameters such as degree of freedom (DOF), sum of squares (SS), mean square (MS), Fisher's ratio (F) and probability value (P). In this analysis, depth of cut having the least significant effect on surface roughness, hence it is pooled. Table 5 . and indicate that the machining strategy is most significant parameter, and feed is the next significant parameter that affecting the total performance characteristics. The error that may due to experiment determined from this ANOVA test was only 0.23%, which is statistically acceptable.
CONFIRMATION EXPERIMENT
Finally, after obtaining optimal levels of four machining parameters a confirmation test was conducted to verify the improvement of surface roughness. Using optimal levels of machining parameters the minimal value of surface roughness was calculated as follows:
where m Y is total mean of experimental results for performance characteristic, i Y is the mean of the experimental results at the optimal level and N is the number of the machining parameters. The predicted surface roughness at optimal setting is found to be 0.413 µm. Finally a confirmation test was conducted to verify the improvement in the required performance characteristic that is surface roughness, using the optimal level of four machining parameters. Table 6 shows the comparisons of initial and optimal levels of machining parameters. The initial designate levels of machining parameters are A 1 B 1 C 1 D 1 which is experiment no. 1 in Table 3 Table 6 . Initial and optimal level performance
CONCLUSIONS
First objective of this study is to identify the effects of different tool path strategies for three-axis milling of sculptured parts. Simulation study for rough machining was designed based on Taguchi L27 orthogonal array design matrix. Machining performance was investigated according to the four machining parameters (machining strategy, feed, depth of cut and spindle speed) each at three different levels, where minimum machining time is set as an objective. Furthermore, a method for surface roughness optimization using grey relational analysis has been successfully applied. Taguchi L9 orthogonal array design matrix was selected as experimental plan for the four machining parameters, namely machining strategy, feed, depth of cut and spindle speed. The analysis of variance revealed that machining strategy is the most influencing parameter that affect the performance characteristics. Finally, a confirmation test within the optimal machining parameters was conducted to indicate the effectiveness of grey relational analysis methodology. It is found that the performance characteristics, that is surface roughness, is improved using this proposed method.
